The recent discovery of color centers with optically addressable spin states in 3C silicon carbide (SiC) similar to the negatively charged nitrogen vacancy center in diamond has the potential to enable the integration of defect qubits into established wafer scale device architectures for quantum information and sensing applications. Here we demonstrate the design, fabrication, and characterization of photonic crystal cavities in 3C SiC films with incorporated ensembles of color centers and quality factor (Q) to mode volume ratios similar to those achieved in diamond. Simulations show that optimized H1 and L3 structures exhibit Q's as high as 45,000 and mode volumes of approximately 3 . We utilize the internal color centers as a source of broadband excitation to characterize fabricated structures with resonances tuned to the color center zero phonon line and observe Q's in the range of 900-1,500 with narrowband photoluminescence collection enhanced by up to a factor of 10. By comparing the Q factors observed for different geometries with finite-difference time-domain simulations, we find evidence that nonvertical sidewalls are likely the dominant source of discrepancies between our simulated and measured Q factors. These results indicate that defect qubits in 3C SiC thin films show clear promise as a simple, scalable platform for interfacing defect qubits with photonic, optoelectronic, and optomechanical devices.
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Silicon carbide (SiC) has recently emerged as a promising material for the integration of defect qubit states into microfabricated and nanofabricated devices. The three most prevalent crystalline forms of SiC-termed 4H, 6H, and 3C-have all demonstrated deep-level defect states (color centers) with spin and optical properties similar to the negatively charged nitrogen vacancy center in diamond but with luminescence bands in the telecom wavelength range.
1,2 As a potential host material for defect qubits, all three crystal forms share many of diamond's favorable properties such as a wide band gap, the potential for isotopic purification, and high thermal conductivity. 3, 4 Moreover, the various forms of SiC also have advantages for the potential incorporation of defect qubit states into conventional semiconductor devices. Material a These authors contributed equally to this work. b Current address: School of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, United Kingdom growth and microfabrication techniques are much more mature in SiC, and the material can be controllably doped to be either n-or p-type. 5 The cubic form of SiC, 3C, has the additional advantage of being commercially available as a high quality heteroepitaxial thin film grown on wafers of silicon. This provides for a convenient route towards improving the measurement and control of color center defect qubits by altering their local photonic environment because they are typically initialized and measured through the use of their spin dependent optical dynamics. Accordingly, this allows for the incorporation of defect qubits in 3C SiC into a wide variety of optical devices for use in developing on-chip single photon sources, 6 ,7 integrated lasers, 8 or opto-mechanical devices. 9 Many of these applications require or are facilitated by the use of high quality factor ('Q'), small mode volume cavities to enhance light-matter interactions for optical transitions within the color center zero phonon line. 10 In particular, microcavities can enhance single photon emission into a single, well-defined mode, 11 increase the rate of photon emission, 12 or achieve coherent interactions between optical transitions and cavity modes in the strong coupling regime. 13 While much is still unknown regarding the optical and electronic properties of defect qubit states in 3C SiC, the possibility of integrating defects with such a broad range of functional devices makes this material a promising platform for quantum information and sensing applications. 14 In this work, we present the design, fabrication, and characterization of small mode volume photonic resonators 15, 16 based on 3C SiC heteroepitaxial films on silicon operating throughout the emission band of the Ky5 color center (approximately 1100 to 1300 nm) 17 that exhibit narrowband collection enhancements as high as a factor of ten. The Ky5 color center is one potential defect qubit candidate in 3C SiC with optical and electronic properties similar to the negatively charged nitrogen vacancy center in diamond and has been previously suggested to be a form of divacancy. 18 In order to produce resonant modes to couple to Ky5 center luminescence, we design structures consisting of one and three missing holes in a triangular array of holes in a freestanding dielectric slab, commonly referred as H1 and L3 and depicted in Figure 1 (a) and Figure 1 (c), respectively. Finite-difference time-domain (FDTD) simulations (MEEP, 19 Lumerical) were used to determine the structure parameters necessary to produce modes within the spectral range of the zero phonon line of the Ky5 optical transitions and to optimize the position of the holes around the cavity to improve the cavity Q. For both the H1 and L3 cavity types, the lattice hole radius 'r' and lattice periodicity 'a' are fixed by the relation r=0.29a. Following the method in reference 20, we obtained an optimized Q of ~ 45,000 for the H1 structure when the radius of the four nearest vertically adjacent holes to the cavity are reduced to 0.22a and the horizontally adjacent holes are displaced outwards by a distance 0.2a. The optimal Q is obtained with a film thickness of 0.8a. Simulations indicate that the theoretical mode volume is ~ 3 . We similarly optimized the L3 structure by shifting the position of the side holes of the cavity 21 by 0.21a and reducing their size 22 by 0.12a. This results in a theoretical quality factor Q ~ 17,000 at a film thickness of 0.85a with mode volume ~ 0.9 3 . These values compare favorably to the unoptimized L3 cavity design which achieves a Q factor of ~ 1,600 for a mode volume of 3 .
The starting material for photonic crystal cavity fabrication consists of a 1 micron thick film of commercially available, <100> oriented 3C silicon carbide grown epitaxially on a 100 mm <100> oriented silicon wafer [NovaSic, see reference 23]. The initial film is thinned down to a thickness of 300 nm through a series of SF 6 and Ar/Cl inductively coupled plasma (ICP) etches. In order to produce a vacancy distribution vertically centered in the middle of the film, the film is then implanted with 12 C ions at an energy of 110 keV, an incidence angle of 7 degrees, and a dose of 1x10 13 ions per square centimeter. The film is then annealed at 750°C for 30 minutes in an argon atmosphere to induce vacancy migration in order to promote the formation of Ky5 color centers. This implantation and annealing procedure was empirically determined to be optimal for producing a high density of Ky5 centers in the initially color centerfree material.
In order to fabricate the photonic crystal structure, the 300 nm SiC film is first covered with a hard mask consisting of 100 nm of aluminum capped with 10 nm of titanium that is deposited onto the sample using electron beam evaporation. The titanium layer prevents oxidization of the aluminum and improves process consistency. The sample is then spin-coated with 340 nm of ZEP520 electron beam lithography resist and a conductive polymer layer (AQUASave) to eliminate charging effects during the resist exposure. Multiple arrays of devices are patterned on a 5-by-5-mm sample using a 100 keV electron beam lithography system. The conductive polymer is removed prior to the development of the electron beam resist and the pattern is then transferred to the SiC layer through a multistep ICP etch. First, a BCl 3 /Cl 2 etch transfers the developed resist pattern to the Al/Ti layer. Then, without removing the sample from the etch chamber, an SF 6 plasma etch is performed at an ICP power of 900 W and a bias of 200 W to transfer the pattern to the SiC. This etch process was found to minimize the degradation of the hard mask edges during the aggressive but nearly vertical SF 6 etching of the silicon carbide layer. 24 The hard mask layers and any etch by-products remaining on the hole sidewalls are then removed through subsequent wet etches in Ti etchant, Al etchant, and buffered hydrofluoric acid. Finally, the sample is exposed to a short gaseous XeF 2 etch to isotropically remove the silicon substrate directly underneath the photonic crystal pattern to produce a freestanding structure. If necessary, the cavity resonance can then be fine-tuned by reducing the structure thickness with short SF 6 or Ar/Cl ICP etch steps. A complete process flow of the fabrication procedure is shown in Figure 2 .
Scanning electron micrographs of the fabricated structures are shown in Figure 1 (b) and Figure 1(d) for the optimized H1 and L3 designs, respectively. The structures exhibit a sidewall angle of approximately 85 degrees, typical of the values observed in the literature for similar etch conditions. 25 The periodic holes defining the structure are uniform in radius and accurate in their positioning to within the spatial resolution of the SEM (~ 1.5 nm). The thin film's surface roughness increases from 0.5 nm rms to 1.2 nm rms as a result of processing, as determined by atomic force microscopy. Small variations in the hole shapes with an rms radial deviation of 2.75 nm are typically observed and the hole sidewalls show slight striations likely due to degradation of the aluminum hard mask edges during the high power etch needed to produce vertical sidewalls. For each photonic cavity design, we fabricated an array of devices with varying parameters (lattice constant and hole radius) to geometrically tune the cavity mode over the desired wavelength range and determine the optimal structural parameters for achieving the highest Q.
The photonic crystal cavities were characterized in a home built scanning confocal microscope equipped with a helium flow cryostat. A 1060-nm diode laser was used for offresonant excitation of color center luminescence through the Ky5 defects' blue-shifted absorption sideband and a custom Littman-Metcalf tunable diode laser was used for crosspolarized resonant scattering spectroscopy on the structures. 26 The incorporation of color centers directly into the cavity allows us to use the off-resonantly pumped defect luminescence band to excite the cavity modes over a broad range of wavelengths that are inaccessible to commercially available superluminescent diodes. Cross-polarized resonant scattering provides a complementary characterization method for probing cavities without incorporated emitters or to study the response of the cavity 11 or internal emitters 27 to an externally incident Gaussian input beam. Through the use of a fast-steering mirror incorporated into the optical path, both methods can provide a spatial map of the optical response of the photonic structure with ~ 1 micron resolution (Figure 1 (e) and (f)) and for position feedback stabilization. Photoluminescence and scattered laser light were collected through the objective used for excitation and passed to a spectrometer or a series of sensitive photodetectors through a polarizing beam splitter.
23
Figure 3(a) shows a typical broadband photoluminescence spectrum (red line) at low temperature (20K) resulting from off-resonant excitation of color centers in an unprocessed 1 micron thick 3C silicon carbide layer that has been implanted and annealed. The spectrum consists of a zero phonon line centered at 1118 nm and a broad phonon-assisted emission sideband that extends deeper into the infrared. Also shown in the figure is a spectrum (black line) originating from a 300 nm thick H1 photonic crystal cavity with incorporated Ky5 defects that has a cavity resonance around 1180 nm. While qualitatively similar, the zero phonon line broadens from 4.6 nm FWHM to 28.2 nm FWHM, likely due to increased inhomogeneous broadening caused by the decreased crystalline quality of the material grown closer to the silicon interface. 28 Figure 3(b) shows the cavity resonance of an unoptimized L3 cavity with the resonance wavelength tuned to the peak of the Ky5 zero phonon line. The measured Q of 900 is less than the value of ~ 1,600 predicted by FDTD simulations. In the same plot, we show the crosspolarized resonant scattering spectrum of the same cavity, confirming the cavity properties measured via photoluminescence. Optimizations of the L3 cavity improve the measured cavity Q over the unoptimized case, as shown in Figure 3(c) , but the resulting value is approximately an order of magnitude smaller than the predicted Q of ~ 17,000. Similarly, for the optimized H1 cavity design we observed a maximum Q of ~ 1,000 despite a simulated value of ~ 45,000 (Figure 3(d) ). This design does, however, provide a greater degree of far field coupling than the other designs, resulting in a 10-times enhancement of narrowband photoluminescence collection as compared to emission falling outside the spectral range of the cavity. Additionally, we observed that the H1 cavity supports additional modes red-shifted from the fundamental with similar Q's but much smaller mode volumes. 23 In the case of the fundamental mode in the optimized H1 cavity, the cross-polarized resonant scattering spectrum exhibits a far more asymmetric Fano lineshape, indicating a greater degree of coupling between the cavitydependent and -independent scattering channels. This is likely due to suppressed far field coupling to external Gaussian modes as a result of the odd cavity mode parity along the y-axis (as defined in Figure 1) .
A number of factors may contribute to the observed discrepancy between the simulated and measured Q's of our fabricated structures. Direct absorption by the defects' optical transitions is unlikely to be a primary limitation of the experimentally measured Q's because the structures' optical resonances show similar Q's at room temperature, in films with lower defect densities, and in films that were not irradiated and annealed to form Ky5 emitters. Furthermore, based on the estimated absorption coefficient in material similar to ours (as measured in reference 29), our reduction in Q is likely not dominated by other material absorption processes. Instead, various structure imperfections inherent to the fabrication process-such as sidewall angle, variations in the size or position of the holes of the photonic crystal, or roughness on the surfaces or sidewalls-are the most likely source of scattering losses in excess of the radiative losses intrinsic to the cavity designs. Table I shows the simulated Q for a given cavity geometry with absorption or geometric imperfections added to the simulated structure. Adding small, normally distributed random variations in the photonic crystal hole radii and positions to the simulations results in only small deviations from the ideal structure Q factor for the L3 cavities (1%-5%) and slightly larger deviations for the H1 design (up to 26%). The magnitude of these variations was adjusted to match the values observed from image analysis of SEM micrographs that corresponded to the resolution limit of the SEM of 1.5 nm and should be considered an upper bound on the actual values for the fabricated devices. The modest predicted reduction in Q's makes it unlikely that this contribution is dominant. Furthermore, the surface and sidewall roughness of 1.2 nm and 2.75 nm rms, respectively, that we observe in our fabricated devices is not likely to limit cavities with Q's of less than 10 5 . 30, 31 Sidewall angle, however, has a pronounced effect on the Q factor for all three structures. Given the sidewall angle of approximately 85 degrees that we observe with SEM imaging, it is very likely that this is the limiting factor in reducing our Q's from the expected values. 32 Simulations predict that for sidewall angles less than 85 degrees, the optimized H1 cavity has a lower Q than that of the optimized L3, contrary to what is predicted for vertical sidewalls. 23 This qualitatively matches the behavior we observe in our fabricated structures.
In conclusion, we have demonstrated the design, fabrication and characterization of small mode volume photonic crystal microcavities in 3C silicon carbide thin films with integrated color center ensembles. We demonstrate modes with Q's of up to 1,500 and photoluminescence collection efficiency enhancements of up to a factor of 10. Comparisons of the simulated ideal cavity Q's with experiment and those simulated with fabrication imperfections suggest that the nonvertical sidewall angle of the hole etch is likely the dominant factor limiting the Q's of our fabricated structures. In order to produce high-Q photonic crystal cavities suitable for significant Purcell enhancements 12 or to reach the onset of strong coupling 13 to single defects, further work is needed to improve the verticality of the etch process step 33 or develop cavity designs that are less sensitive to sidewall angle. Alternatively, cavities with modest Q's can be used to achieve locally enhanced light-matter interactions 34 or for non-linear optics applications. 35 In particular, the second-order nonlinear susceptibility of SiC 36,37 enables the possibility of on-chip use of nonlinear optical processes for frequency conversion or to overcome spectral inhomogeneity. 38 The ability to easily incorporate defect qubits into photonic, opto-electronic, and optomechanical devices on the wafer scale makes 3C silicon carbide a promising on-chip platform for future applications in the field of quantum information.
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